In this article, the formation of TC Nargis is studied with the global mesoscale model to address the following questions: (1) to what extent can large-scale flows determine the timing and location of TC genesis and (2) if and how realistically can a high-resolution global model depict those processes. TC Nargis devastated Myanmar in the Indian Ocean in early May 2008, caused over 133,000 fatalities and $10 billion in damage, and became one of the 10 deadliest tropical cyclones (TCs) of all time.
Introduction
[2] Each year tropical cyclones (TCs) cause tremendous economic losses and many fatalities throughout the world. For example, Katrina (2005) , the costliest Atlantic hurricane in history, caused severe destruction in New Orleans and the surrounding Gulf Coast region and was responsible for about $80 billion in damage. Recently, TC Nargis devastated Myanmar in the Indian Ocean in early May 2008, causing over 133,000 fatalities and $10 billion in damage. In response to this tragedy, more than 40 countries sent relief to Myanmar, showing the broad range of its impact. To reduce these losses, it is crucial that the lead time for the accurate prediction of TC formation, intensification, and movement is extended. However, although TC track forecasts have steadily improved over the past decades, progress on short-term intensity and formation forecasts has been very slow. A major challenge in the prediction of TC genesis is, among other things, the accurate simulation of complex interactions across a wide range of scales, from the large-scale environment (deterministic), to mesoscale flows, down to convective-scale motions (stochastic).
[3] Historically, numerical modeling has been a very powerful way to hypothesize and test the physical mechanisms associated with TC formation and intensification. Our current level of understandings on this topic suggests that the following processes may be involved: (i) large-scale processes such as baroclinie/barotropic instability, tropical easterly waves, the Madden-Julian Oscillation (MJO) [Madden and Julian, 1971; Hartmann, 2000a, 2000b] and monsoons, (ii) mesoscale processes such as vortex mergers and vortex axisyrimctrization [Hendrick et al., 2004; Montgomery et al., 2006; Ritchie and Holland, 1997; Simpson et al., 19971 and (iii) small-scale processes such as latent heat release by deep convection (e.g., conditional instability of the second kind or CISK) [Charney and Eliassen, 1964; Ooyama, 1964] and surface heat and moisture fluxes from the ocean (e.g., wind induced surface heat exchange or WISHE) [Emanuel, 1986] . A review is given by Dunkerton et al. [2008] . Processes from the above three categories have been shown to be applicable at different stages of a TC's life cycle, including the early, the transient, and the deepening stage.
[4] As smaller-scale (convective) processes (associated with a vortex) could be modulated and/or constrained by larger-scale deterministic processes [e.g., Simpson et al., 1997], an improved ability to simulate the latter might help increase the accuracy of simulating the former. Therefore, with the short-term goal of extending the lead time of TC prediction, the main focus will be the model's ability to simulate multiple processes and multiscale interactions during the early and transient stages related to TC formation. This is also important for understanding model performance in simulating climate and the impact of climate change on long-term TC variations. It has been widely accepted that the following six climatological (environmental) conditions are important for TC formation: warm sea surface temperatures (SSTs), high relative humidity, conditional instability, high low-level relative vorticity, weak vertical shear, and being displaced away from the equator (e.g., beyond 5°i n latitude). During the past several decades, it has been shown that TC genesis statistics at long time scales (e.g., seasonal) are closely related to these conditions [e.g., Cray, 1975 Cray, , 1979 . However, to improve TC forecasts at shorter time (i.e., 5 to 10 day) and smaller spatial scales, additional details are still needed. For example, environmental factors favorable for TC formation in the Indian Ocean include an enhanced monsoon circulation and anti-cyclonic shear between 200 and 850 hPa [e.g., McBride and Zehr, 1981] (see section 3 for a more detailed discussion). Favored locations for TC formation include north (south) of the monsoon equatorial trough in the Northern (Southern) Hemisphere where cyclonic shear exists. In addition, previous studies with idealized models suggested that largescale organized convective systems accompanying the MJO [Madden and Julian, 19711 might regulate the genesis of twin TCs [e.g., Ferreira and Schubert, 19961 . More recent studies have suggested that induced equatorial Rossby waves and westerly wind bursts (WWBs) could be a precursor to the genesis of twin TCs [Aiyyer and Molinari, 2003] and that wave accumulation due to scale contraction [e.g., Webster and Chang, 19881 could provide a downscale energy and vorticity transfer that leads to TC formation [Holland and Webster, 2005; Kuo et al., 2001] .
[5] The aforementioned studies collectively suggest that extending the warning time for TC genesis in the Indian Ocean would require a numerical model that could better simulate the multiscale environmental flow and its modulation on TC activity. This goal might be achieved by recent advances in high-resolution global models and supercomputing. As these models have shown the potential to improve TC track and intensity forecasts Shen et al., 2006x, 2006b ], their ability to depict the processes that contribute to the formation of TCs in the Indian Ocean is being examined (e.g., twin TCs in work by Shen et al. [2007] ). In this study, simulations of TC Nargis will be analyzed because its short life cycle and unusual recurvature make it a challenge to predict. The Nargis case as well as others are being studied to address the following questions: (1) to what extent can large-scale flows determine the timing and location of TC genesis (e.g., Nargis in this study) and (2) if and how realistically can a high-resolution global model depict those processes. While a general predictability problem would require a "perfect" numerical model and "perfect" initial state, only the predictive capabilities of one specific high-resolution global model will be studied to "illustrate" the potential predictability of a TC. The numerical approach is described in section 2, and the results are discussed in section 3. Concluding remarks are given at the end.
Numerical Approach
[6] Satellite METEOSAT 7 1R images over the Indian Ocean ( Figure 1) show that TCs Durga and Roise first appeared in the Southern (SH) in late April 2008. Five days later on April 27th, TC Nargis formed in the Northern Hemisphere (NH). During this seasonal transition period, a WWB (and an equatorial trough) associated with a monsoon-like circulation and/or a weak MJO moved northward from the SH to the NH. The latitudinal variation and movement of the WWB and MJO might have lead to the formation of the aforementioned TCs, which appeared, following a time lag, asymmetrically in space and time with respect to the equator. Therefore, an accurate prediction of the northward movement of the WWB would be crucial for extending the lead time for TC Nargis. In contrast, for the prediction of the twin TCs, which appear in association with an MJO that is symmetric with respect to the equator, it is 'Case ID is the case name; IC is the starting date of initial condition. RES is the model resolution; Grid-Scale and CPS indicate the usage of an explicit grid-scale condensation scheme or cumulus parameterizations; Relaxation denotes the relaxation time in the CPs, 5' Ave and 2' Ave show the temporal and spatial averaged precipitation during the period April 27-29 in a 5' (2') box centered at the precipitation maximum near the vortex center. Max l0m is the maximum l0m wind speed near the eye of the simulated Nargis at 1200 UTC April 28 2008. The corresponding TRMM precipitation is 61.8 (173.8) min/day in a 5' (2') box, and QuikSCAT wind speed is 27 m/s. The best track gave a max sustained wind speed of 33.4 m/s (65 knots) at this time.
important to accurately Simulate the eastward propagation of the W WB [Mnncrieff et al., 2007; Shen et al., 2007] .
[7] Cyclone Nargis, which devastated Burma (Myanmar) in early May 2008, is one of the 10 deadliest TCs in recorded history. According to the .Joint Typhoon Warning Center (JTWC, http://wcather.unisys.com/hurricanc/archive/ 08042706, 2008), Nargis was first identified as a tropical system at 1200 UTC 27 April 2008 in the central Bay of Bengal near latitude 12.1°N and longitude 85.6°E. In comparison, a depression was identified 9 hours earlier by the India Meteorological Division (IMD) at 0300 UTC April 27 near latitude 12°N and longitude 87.0°E. Initially, Nargis moved slowly in a northwest direction. Under the influence of both a sub-tropical ridge to the northwest and a nearequatorial ridge to the Southeast, Nargis gradually recurved, turning northward at 1800 UTC April 28th, and northeastward at 0600 UTC April 29th. Nargis began moving nearly eastward at 1200 UTC May 1st, which is very unusual movement for TCs in this basin, and intensified into a Category 4 storm on May 2nd. At its strongest intensity, it was estimated to have a minimum sea-level pressure (MSLP) of 960 hPa and peak winds of 135 mph. It made landfall in the Ayeyarwady division of Burma (Myanmar) at 1200 UTC May 2nd before passing close to the highlypopulated capital city of Yangon. It then dissipated near the Myanmar-Thailand border. Thirty-seven townships with a population of 2.4 million were affected by TC Nargis. As of 16 May 2008, the official number of dead and missing people was over 133,000 (OCHA report, Myanmar: Cyclone Nargis, 2008, http://ocliaonIiiie.un.org/MyanivarSituationReports/ tabid/4600/Default.aspx). The storm's formation, recurvature and especially its rapid intensification, which involved multiscale interactions such as the influence of both the subtropical and near-equatorial ridges, made it a real challenge to predict in advance.
[8] In this study, a global mesoscale model (GMM) [e.g., Shen et al., 2006a] deployed on the NASA Columbia Supercomputer [Biswas et al., 2007] is used to conduct numerical experiments. The GMM, previously called the high-resolution finite-volume GCM (fvGCM), has three main components: (1) finite-volume dynamics [Lin, 2004] , Shen et al., 2006x, 2006b ].
[9] NCEP weekly Reynolds SSTs are used during the integration and show relatively high values (28°-30°C) in the North Indian Ocean Basin during this period. Simulation results for TC Nargis will be discussed with a focus on genesis processes. NASA QuikSCAT [Liu et al., 19981 and TRMM satellite data and NCEP GFS analyses will be used for model validation. For simplicity, genesis is defined as the formation of a low-level closed circulation having a minimum sea-level pressure (MSLP) below 1000 hPa, an elevated warm core and a tendency for further intensification. TC best tracks are from the .ITWC (http://weather.unisys. com/hurricane/archive/08042706, 2008), unless otherwise stated. (Because the time difference between a tropical depression and a self-sustaining vortex might be 12-24 hours [Briegel and Frank, 1997] , we don't make an attempt at determining the exact time of genesis.) Three 7-day simulations initialized at 0000 UTC April 22-24 are conducted at a 1/4 degree resolution with an explicit grid-scale condensation scheme [Sundgvist, 1988] . This model configuration provides consistent simulations of TC genesis and is computationally more advantageous than using higher resolutions; therefore, it is more feasible for hurricane climate studies in the near future. Three additional experiments at a coarser (0.5°) resolution are performed with and without CPs for comparison. These six experiments are briefly summarized in Table 1 .
Numerical Results

Control Experiment
[io] Three consecutive 7-day 0.25° forecasts initialized at 0000 UTC April 22-24 were performed, which are labeled as CNTL, E-23, and E24, respectively. The control run was (red), and the corresponding minimal SLP derived froln satellite data (blue). It should be noted that TC Nargis made landfall 1200 UTC 2 May. initialized 132 (123) hours prior to the first record of TC Nargis by JTWC (1MD). The other two runs were initialized at different times to verify the model's consistency in simulating the formation of Nargis and will be briefly discussed near the end of this section. In the CNTL case, the spatial distribution of MSLP over this period (Figure 2a ) roughly shows the initial formation and subsequent movement of the model TC. Figure 2b shows the intensity change of the TC in the model after its formation from 108 to 144 h into the integration. Both the track and intensity forecasts are in good agreement with the best track, but the predicted propagation speed is faster. The simulated TC first forms after 108 h of simulation at 1200 UTC April 26th, which is about 24 (15) hours earlier than the observed TC by JTWC (IMD). The 850 hPa winds for the model TC and its surrounding environmental flows alter 126 h of simulation are shown in Figure 3a and the corresponding NCEP analysis in Figure 3b . In the Bay of Bengal, a WWB appears at low latitudes (0-10°N) while sub-tropical westerly winds appear along 20°N near the Himalayas. The model simulation clearly shows a pair of Rossby gyres (e.g., along longitude 90°E). Overall, the NCEP analysis shows a similar pattern ( Figure 3b ) but does not resolve Nargis very well during the period 22-29 April due to the sparsity of observations in this region. It is likely that TC Nargis could be influenced by these surrounding environmental flows, including the location and strength of the WWB and the flows deflected by the Himalayan mountains. Though there exists a pair of equatorial Rossby waves in the low levels (Figure 3 ), which are asymmetric with respect to the equator, no TC formed in the southern hemisphere. This is partly because of the increased vertical wind shear associated with the movement of easterly winds on top of the low-level cyclonic circulation (not shown).
[uj In Figure 4 , the northward movement of the WWB in the numerical simulations is verified against NCEP analysis. Figures 4a-4c show time-longitude cross sections of the NCEP 850 hPa zonal winds averaged from 5°S to the equator, from the equator to 5°N, and from 5°N to 10°N, respectively. The corresponding simulated zonal winds are shown in Figures 4d-4f . Overall, the average zonal winds from the 7-day simulations are in good agreement with the NCEP analysis. At low levels (e.g., 850 hPa), the WWB is clearly identified along longitude 90°E, while an easterly wind maximum is evident along longitude 180°E (Figure 4c ). At upper levels (e.g., 200 hPa), the wind pattern is nearly reversed with easterly and westerly wind maxima along longitudes 90°E and 150°W (not shown), respectively. The (low-level) WWB between 5°S and 0° starts to weaken around April 25th, because the winds along its leading edge in the SH are deflected southward and the WWB moved northward with the equatorial trough. The latter is indicated by the occurrence of the WWB at higher latitudes (Figures 4b  and 4c ). The 200 hPa easterly winds in this area show similar intensity variations related to this northward movement (not shown).
[121 Figures 5a and 5b show latitude-time profiles of simulated zonal winds along 89E° and 88E°, respectively; they clearly show that the WWB moves northward with time. During the period of 1200 UTC April 24th to 0000 UTC April 25th, the leading edge of the westerly winds has a "burst", jumping northward to latitude 9°N where easterly winds re-appear several hours later but last for less than 12 hours. The occurrence of horizontal cyclonic wind shear is tied to the formation of a disorganized mesoscale vortex (referred to as a pre-TC disturbance, Figure 6a ). In comparison, Figure 5c shows 850 hPa wind convergence averaged over a 2° X 2° box centered at (9°N, 89°E) in red and at (12°N, 88'E) in blue (indicated by the two small boxes in Figure 2 ). Within the first 2° X 2° box, there exists a peak in low-level convergence during this period (shown by the red line in Figure 5c ), suggesting it may have had an important role in the formation of the pre-TC disturbance. Along longitude 88°E, there is another "burst" of westerly winds to 12°N at around 0000 UTC 26 April, which is consistent with the appearance of strong 850 hPa wind convergence (shown by the blue line in Figure 5c ). Moreover, the mesoscale vortex becomes more organized at this time (Figure 6b ). Over the next 24 hours, the pre-TC disturbance intensifies as revealed in animations of relative vorticity and total precipitable water, which show axisymmetrization of a weak mesoscale vortex. Afterward, a model T I C forms with a MSLP of less than 1000 hPa. While the initial propagation and/or intensification of the pre-TC disturbance (or the TC) might be a response to the northward movement of the equatorial trough, the enhanced local circulation (i.e., southwesterly winds) associated with the intensifying vortex could also contribute to the WWB strength at later times. For example, in Figure 3 , the simulation of the WWB with a more realistic mesoscale vortex is stronger than the one resolved in the NCEP analysis. To validate the model performance in simulating the timing and location of the pre-TC mesoscale vortex, NASA QuikSCAT surface winds from 0000 UTC April 24 to 1200 UTC April 29 are shown in Figure 7 . Overall, the location of the simulated mesoscale vortex is in good agreement with QuikSCAT, but the timing of its formation is several hours (but less than 12 hours) too early. To determine the exact time lag would require higher temporal resolution observations.
[131 Observations have shown that the local monsoon circulation is an important factor in modulating the formation of TCs in this region. Figure 8 shows a time series of height-latitude cross sections of simulated zonal winds (averaged over longitudes 80-90'E) at 1200 UTC April 23, 25, and 27, and height-longitude cross sections of meridional winds (averaged over latitudes 9-16°N) at 1200 UTC April 25, 26, and 27. While the low-level WWB moved northward from the equator, the low-level easterlies north of the WWB also moved slowly northward in the direction of the Himalayas, where they could be partly blocked (Figure 8a ). In comparison, southerly (northerly) winds appear to the east (west) of the trough (Figure 8d) 
_N 5N
100E 80E 90E
(e) 
SHEN ET AL.: HIERARCHICAL MULTISCALE INTERACTIONS DURING TI C GENESIS D14102 (a)
QuikSCAT 00 and 8d suggest there is a large-scale cyclonic circulation (CC) in the low-and middle-levels (from the surface up to 400 hPa) and a large-scale anti-cyclonic circulation (AC) in the upperlevels. As the equatorial trough, indicated by the zero-wind speed line, moved with the WWB, the orientation of the isotachs in the height-latitude cross sections becomes vertical at low levels. The corresponding zero wind shear line inside this enhanced monsoon circulation is a favored location for TC genesis as suggested by McBride and Zehr [ 1981 ] . The formation of Nargis in the model appears at 1200 UTC April 26 as the wind-reversal line (trough) approaches latitude 12.5°N. By 1200 UTC April 27, the low-and middlelevel CC becomes superimposed with the approaching upper-level AC, providing an ideal outflow (Figure 8c ) for further TC intensification (Figure 2b ).
[14] A time series of the vertical shear between 200 and 850 hPa is plotted in Figure 9 . Anti-cyclonic wind shear is clearly apparent at 0600 UTC April 26 and 27. The anticyclonic wind shear indicates good outflow in association with the upper-level AC. Compared to the NCEP analysis, a smaller anti-cyclonic wind shear zone is simulated in the Bay of Bengal within this larger-scale anti-cyclonic wind shear zone. These results support the hypothetical mechanism suggested by Anthes [ 1982] that the occurrence of anti-cyclonic wind shear between 200 and 850 hPa wind might release dynamic instability for TC formation. This mechanism will be examined in more detail to understand during which stage the release of dynamic instability is crucial for the intensification of a pre-TC disturbance and/or a TC.
[151 Previous climate studies [e.g., Joseph and Srinivasan, 19991 in this region suggested that the upper-level divergent AC is associated with a Rossby wave and that deep convective heating is the energy source of the Rossby wave. To briefly illustrate the related moist processes during the intensification of Nargis, 2-day average precipitation from the model during April 27-29 (Figure I Oa) is verified against NASA TRMM precipitation measurements (Figure 10b) . Overall, the spatial distribution of the average precipitation is highly correlated with the location of the mesoscale vortex circulation. An average is used simply because precipitation fluctuates at timescales shorter than the largescale circulation. In addition, the relatively coarse resolution and the stochastic nature of the individual convective cells make it very challenging to reproduce the small spatial and temporal variability of precipitation. Figures 10c and 10d show these fields in a 5° box near the vortex center for further comparison. In the model simulation, two local precipitation maxima appear on the east and west side of the simulated vortex center (Figure 10c ). In comparison, the TRMM precipitation maximum occurs on the southwest side of the vortex center resolved in the NCEP analysis. The domain-averaged precipitation in the 5 (2) degree box is 59.7 (152.2) mm/day for the model and 61.8 (173.8) mm/day for TRMM. This indicates an underestimate of 3.4% (12.4%) in the 5° (2°) average precipitation by the model with a larger discrepancy for 2° average precipitation. This indicates the difficulty in automatically selecting a sample domain size, because an accurate assessment of the simulated prccipitation associated with the vortex, including its location and scale, is important for quantitative comparison. Although there exists a displacement error due to the less accurate representation of Nargis in the model between day 5 and day 7, simulated precipitation from resolvable-scale condcnsation is on the same order as TRMM.
[16] Over its life time, Nargis' intensity was underao estimated in the NCEP analyses (with a MSLP of about 30 1000 hPa). Therefore, QuikSCAT winds are used for further 20 verification of the simulated near-eye wind speeds and 15 vortex scale (e.g., radius of maximum winds). Due to the 10 availability of QuikSCAT winds, three-hourly average 101n winds and QuickSCAT winds in a 2° x 2° box, ending at 12000 UTC April 28, are shown in Figures 11a and l lb, respectively. At this time, the best track indicates that Nargis was a category-1 storm with a maximum sustained wind speed of 65 knots (33.4 1n/s). The simulated TC has a max 10-m wind speed of 301n/s, which is slightly (3 m/s) weaker than the best track but (3 m/s) stronger than that in the QuikSCAT winds. The simulated vortex has a comparable scale but is more compact compared to QuikSCAT. To illustrate the simulated vertical structure of Nargis, a heightlatitude cross section of zonal wind speeds (contour lines) and temperature anomalies (shaded) is plotted in Figure 12 . This indicates the formation of a realistic elevated warm core from a weak disturbance (Figure 12a ) to a TC at 1200 UTC 27 April (Figure 12b ). It also clearly shows that the simulated 
Experiments With a Different Resolution and Initial Conditions
[17] In this study, no attempt is made at determining the critical grid spacing that is required to accurately simulate the timing and location of Nargis' formation. Here, three additional runs at a 0.5° resolution are simply conducted and compared with the control run at 0.25° resolution. The goal is to improve our understanding of the model's physical processes with different hoist schemes at different resolutions, which might lead to improvements in moist processes associated with cumulus parameterizat ions at coarse resolutions. The 4th experiment (D-E) has the same model configuration as the control run (with an explicit grid-scale condensation scheme) except for a coarser grid spacing. shown in Figure 13a . As the easterly winds start interacting with the westerly winds on April 25, cyclonic wind shear appears along longitude 90°E. This shear contributes to the formation of a pre-TC mesoscale vortex at (9.5°N, 89.5°E) at 0000 UTC April 25. Except for the 0.5° experiment without CPs, the other 0.5° runs have similar patterns to the control run, but there are some differences (Figures 13c and  13d ) in the location and timing for the interactions of the WWB and the easterly winds. In the 0.5° run with no CPs (Figure 13b ), the maximum in the westerly winds shifts eastward for about 3 -4 degrees, which is related to the inaccurate simulation of a pre-TC vortex discussed below.
For the D-CPS and D-CPS6h cases, a pre-TC vortex appears at (10°N, 87.5°E) at 1200 UTC April 25 and at (7.5°N, 90°E) at 0600 UTC April 25, respectively. These differences in the location and timing of a mesoscale vortex are related to the variance in the simulations of the W WB and the easterly winds (i.e., large-scale flows). However, these cannot be precisely identified in the time-longitudes diagram of averaged zonal winds.
[1s] As shown in Figure 14 , these 0.5° runs are able to simulate the formation of a mesoscale vortex with a hurri- Nargis, the simulated vortex in case D-E without CPs has a large error in the location and path and thus cannot be identified as Nargis (Figure 14a ). For practical purposes, an inaccurate prediction in movement is not very useful for providing a warning. This suggests that the resolved moist processes at this resolution and their feedback to the steering flows are not represented realistically. Interestingly, the simulated precipitation amount is slightly overestimated between day 5 and 7, because of less precipitation during the first 5 days of integration. In case D-CPS, which includes parameterized moist processes, the simulated TC has a displacement error (Figure 14b ) comparable to the CNTL case; however, its intensity is weaker with a temporally-and spatially-averaged precipitation amount of 44 (114.6) rn n/day for a 5 (2) degree box ( Table 1) . The overall spatial distribution of the average precipitation from these two runs (CNTL, D-CPS) is still well correlated with the location of the mesoscale vortex circulation. However, the difference in the predicted location of the vortex center suggests there are different feedback processes on the environment flows associated with the different moist processes from the different moist physics schemes. The results from cases D-E and D-CPS suggest the inclusion of parameterized moist processes could improve the initial formation and movement of Nargis in the 0.5° simulations. However, as convective processes are also partially resolved at the grid scale, hypothetically the interaction between the large-scale flows and the parameterized processes could possibly be relaxed further. To illustrate this, case D-CPS6h with a relaxation time of 6 hours is conducted. The D-CPS6h run shows improved simulations of Nargis' location and average intensity (Figure 14c ) compared to D-CPS. The average temporal and spatial precipitation, shown in Table 1 , is 64.0 (128.1) mm/day for a 5° (2°) box. Compared to the CNTL case, a large error in (Figure 12a ), the formation of TC Nargis (Figure 12b) , and intensification of TC Nargis (Figure 12c ). 60E  70E  80E  90E  100E  110E  120E  60E  70E  80E  90E  100E  110E the 2° average precipitation in D-CPS61i, which is 26% less, indicates the sensitivity of the larger resolved scale to the coarser grid spacing. Thus, the results from these CNTL, D-E, D-CPS and D-CPS6h cases illustrate a positive impact on the simulation of moist processes and their interactions with environmental flows by increasing the resolution (from 0.5° to 0.25°). However, a systematic study is still desired.
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[19] The dependence of multiscale simulations on differcnt dynamic initial conditions is discussed in the following. Results from two additional 0.25° experiments (E-23 and E-24), which are initialized at 0000 UTC April 23 and 24 2008, are shown in Figures 15a-15c and 15d-15f , respectively. In Figure 15a (Figure 15d ), the spatial distribution of MSLP during the first 6 (5) days of integration, ending at 0000 UTC April 29, qualitatively indicates the location of the initial formation of the simulated vortex and its subsequent movement. Overall, these are in good agreemeet with the observation. However, E-23 and E-24 predict the formation of Nargis at 0000 UTC April 26 and 1800 UTC April 25, respectively, which are about 36 and 42 hours earlier. The differences in the timing of the vortex formation from the three 025 degree runs may be partially related to a spin-up problem (in particular associated with precipitation processes), because only dynamics fields (winds, potential temperature, humidity) from NCEP analysis are used as the model initial conditions. Figures 15b and 15c show that the average precipitation and vortex circulations are correlated. The simulated storms are also slightly stronger than in the control run (Table 1) . A closer look at the simulated lOm winds at 1200 UTC April 28 suggests the simulated max wind speed in case E-23 (Figure 15c ) is about 3m/s stronger than that in the control but is closer to the best track. The simulated vortex center in E-24 is surprisingly close to that in E-23; its maximum wind speed is 3 1n/s weaker. All three of [2006a, 2006b ] reached a similar conclusion that: TC formation can be predicted at a lead time of 24-36 hours without detailed simulations of small-scale convection.) This can be explained by the hierarchical multiscale interactions, namely, the modulation and feedback between larger-scale forcing and smaller-scale flows.
(A parallel run on an aqua planet is also performed, showing the importance of land's mechanic and thermodynamic effects in simulating environmental circulations and in determining the location and timing of Nargis' formation and movement. This will be discussed in detail in a separate article.) These include the modulation of the formation and movement of a mesoscale vortex by (strong) environmental conditions such as the WWB and equatorial trough, and the subsequent modulation of convective processes by the mesoscale vortex.
[20] During its entire life cycle (27 April to 3 May), TC Nargis is not well resolved in the NCEP analyses (with a MSLP of about 1000 hPa). This is due in part to the sparse observations in this area, which makes it very challenging to predict Nargis' movement and intensification. However, it is encouraging that simulations with NCEP analyses from an earlier time prior to Nargis' formation (e.g., 22-24 April) show a great deal of promise in predicting Nargis' formation. This implies that not only are the characteristics of the large-scale flows represented realistically in NCEP analysis but so too are their potential impacts (e.g., modulation) on small-scale flows, which is vital to the model's ability to predict TC formation. [21] In this study, 7-day high-resolution (0.25°) global simulations of Tropical Cyclone Nargis (2008) are conducted with an explicit grid-scale condensation scheme to investigate the multiple processes and their scale interaction that lead to its formation with the aim of improving the lead time for TC genesis. Though Nargis' unusual movement within its short life cycle made it challenging to forecast, its formation (and the appearance of a pre-TC disturbance) is predicted five days in advance with position errors of 200 km. Nargis' rapid recurvature and intensification over the following two days is also simulated realistically except that the simulated propagation speed is too fast. High-resolution numerical experiments suggest the following processes and their hierarchical multiscale interactions lead to the formation of TC Nargis: a WWB moving northward, the interaction of its leading edge with easterly winds along its northern periphery, the generation of cyclonic shear, and the subsequent pre-TC mesoscale vortex. The simulations also showed that peaks in low-level convergence and the occurrence of WWBs were associated with the formation of a pre-TC vortex and the formation of Nargis. During this early stage, the monsoonal circulation (low-level cyclonic circulation and upper-level anti-cyclonic circulation) was enhanced, and anti-cyclonic wind shear developed between 200 and 850 hPa in association with good upperlevel outflow. Both contributed favorably to the formation of Nargis. During the period of Nargis' intensification from April 27 to 29, the two-day average precipitation near the vortex circulation from the model simulation is in good agreement with that obtained from the NASA TRMM satellite, suggesting that the aggregate effects of the moist processes (e.g., surface fluxes and latent heating) are simulated reasonably well under strong environmental forcing. In summary, the favorable environmental conditions associated with the formation of TC Nargis were (1) a WWB and equatorial trough, (2) an enhanced monsoon circulation with a zero wind shear line, (3) good upper-level outflow with anti-cyclonic wind shear between 200 and 850 hPa, and (4) low-level moisture convergence.
Concluding Remarks
[22] Though the individual contributions from the aforementioned processes are important, their relative role and their non-linear interaction over an entire TC life cycle make it a challenge to identify the critical processes. Further examination of their relative roles in TC genesis and intensification are desired with the aim of improving our understanding of the model's ability to simulate and investigate TC (hurricane) climate. The dependence of simulated multiscale flows on different grid spacing, CPs and initial conditions is illustrated with five additional 7-day experiments. For the Nargis case, the model at a 0.25° resolution with an explicit grid-scale condensation scheme is able to simulate these processes realistically, though variances in the timing and location are found in the simulations with different initial conditions. In contrast, the model at a 0.5° resolution with no CPs is not able to accurately simulate Nargis' formation and movement. With the inclusion of CPs, the coarser-resolution (0.5°) model is able to simulate these multiple processes with some degree of satisfaction. However, despite the differences in the timing and location of the simulated TCs, their intensity and scale are still weaker and larger than those in the high-resolution runs.
[23] As the high-resolution model shows the potential to improve genesis prediction at short-time (-5 day) scales, a comprehensive understanding of the strengths and weaknesses of the model's physical parameterizations (e.g., surface/ boundary layer parameterizations) is required to improve overall model performance in simulating the above processes at different stages of a TC life cycle with the aim of understanding the model's performance in long-term integration. For example, between 120-148 hours into the simulations, the model vortex and its associated precipitation field have a displacement error of about 250350 km. To reduce the error, future work should focus on improving the model's moist processes and on understanding how they feedback onto large-scale steering flows and mesoscale vortices. For developing storms in the western North Pacific, Zehr [ 1992] proposed a conceptual model that tropical cyclogenesis is associated with two distinct phases of enhanced convection, which is forced by external lowlevel wind convergence. While these Nargis simulations seem to support his findings, a systematic model evaluation with different cases is still desired. All of the aforementioned tasks are important, especially, for the accurate prediction of TC genesis. Through this, the detailed intensity evolution of TC Nargis can be understood, and the false alarm rate for TC genesis in a global environment could be reduced. These tasks are the subject of a future study.
[24] An important implication of this study is that the predictability of mesoscale weather systems, which are not present initially, could be improved by a high-resolution global model that can properly represent the evolution of the initial larger-scale flow, its ability to modulate the smallerscale flow, and the subsequent hierarchical scale interaction. As global models and data assimilation systems decrease their grid spacing to resolve mesoscale weather, a strategic plan on how to best evaluate the impact of large-scale initial conditions on the formation of mesoscale systems is desirable.
